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T he bound  states o f the open-shell O H (2n ) - H C l  com plex  w ere  ca lcu la ted  in  four d im ensions w ith 
a d iabatic  m odel using  elec tron ic  states tha t co rre la te  asym pto tica lly  w ith  the g round  and excited  
sp in -o rb it states o f th e  O H (2n )  fragm en t and  th e  g round  sta te  o f  the  H C l fragm ent. T he  a b  in itio  
d iabatic  po ten tia ls  and their analy tic  expansion  applied  in  these  calcu lations w ere  obtained  
earlie r by  W orm er e t a l. [J. C hem . Phys. 122, 244325  (2005)]. In addition  to the  four-d im ensional 
ca lcu la tions, w e considered  a (3 + 1 )-d im en sio n a l m odel in  w hich  the in term olecu lar d istance 
coo rd inate  R  is ad iaba tica lly  separated  from  the rem ain ing  coord inates . B o th  m odels inc lude  the 
im portan t sp in -o rb it coupling  in  the O H  fragm ent. E nergy  levels and parity  sp littings w ere
1 3com puted  for a to ta l angu lar m om en tum  o f  J  = 2  and 2 ; ro ta tional constan ts and o ther spectroscopic  
param eters w ere  ex trac ted  from  these  ca lcu la tions. T he v ib ra tionally  averaged  geom etry  in  the 
g round  state  o f  the com plex  is p lanar and this state is m ore  or less localized  near the m in im um  in 
th e  low est ad iaba tic  po ten tia l w ith  b ind ing  energy  D e = 1123 cm -1; the  d issocia tion  energy  D 0 w ith  
respec t to  O H (2n 3/2) and H C l is found  to  b e  685 cm -1 . T he  sp litting  betw een  th e  2n 3/2 and 2n 1/2 
sp in -o rb it states o f  free O H  is largely  reduced  b y  th e  an iso trop ic  in terac tion  w ith  H C l th rough  the 
o ff-d iagonal d iabatic  coup ling  po ten tia l and these  states are  strongly  m ixed . L ow  ly ing  rov ibronic  
states tha t co rre la te  w ith  th e  O H (2n 3/2) g round  state w ere  found  at 14 cm -1 for to tal angular 
m om en tum  pro jec tion  quan tum  num ber |f ì |  =  |  and  26 cm -1 for |f ì |  =  2, re la tive  to the g round  state 
w ith  |f ì |  = | .  T he  O H -H C l stre tch  fundam ental frequency  equals to  93.6 cm -1, th e  low est bend  
excited  states (involving a coup led  bend  m otion  o f  bo th  fragm ents) w ere  found in  the  reg ion  o f 
1 5 0 -1 6 0  cm -1 above th e  g round  state. E spec ia lly  in the  exc ited  states im portan t nonad iaba tic  
effects are observed  tha t invo lve  b o th  o f  the asym pto tica lly  degenera te  ad iaba tic  e lec tron ic  states. In 
som e o f  these  exc ited  states th e  v ib ra tionally  averaged  geom etry  is nonplanar. © 2 0 0 9  A m eric a n  
In stitu te  o f  P h y s ic s . [d o i: 10 .1063 /1 .3123426]
I. INTRODUCTION
It is w ell know n that hyd roxy l rad ica ls p lay  a very  im ­
p o rtan t ro le  in a tm ospheric  chem istry  as w ell as in  com bus-
1 2tion  processes. ’ D u e  to  its h igh  reac tiv ity  the  O H  rad ica l is 
easily  invo lved  in  chem ical in terac tions w ith  hydrogen  h a ­
lides, w hich  lead  to  re lease  o f  ha logens in the ir ac tive atom ic 
state. In particu lar, the  reaction  O H + H C l ^  H 2O  + C l is a 
p rim ary  source o f  a tom ic ch lo rine  in  the a tm osphere . A  n u m ­
b er o f  k inetic  experim en ts h ave  been  carried  ou t on the
3—10O H + H C l system , w here  the tem pera tu re -dependen t rate  
constan ts w ere  m easured  over a w ide  tem pera tu re  range. 
C rossed  m olecu la r b eam  experim en ts h av e  been  perfo rm ed  
also, inc lud ing  the m easu rem en t o f  steric  effects depending  
on the o rien tation  o f  th e  incom ing  O H  rad ica ls . T hese  e x ­
perim en ts p roduced  ine lastic  O H —H C l scattering  cross sec-
11,12tions, bu t reac tion  products could  no t be  observed.
T here  are also a num ber o f  theore tica l studies for the 
O H + H C l ^  H 2O + C l reac tio n 13- 18 tha t concen tra ted  m ostly  
on th e  reg ion  o f  the reaction  transition  state. B y  em ploying  
second-order M 0 lle r—P lesse t (M P2) ca lcu la tions, Yu and
a)Electronic mail: anaf@list.ru.
b)Electronic mail: a.vanderavoird@theochem.ru.nl.
N y m an 15 found  tha t the w eak ly  bound  O H —H C l com plex  
form ed in the en trance  channel o f th e  reaction  has a p lanar 
geom etry  and that an early  sadd le  p o in t occurs for a n o n p la ­
nar geom etry . P robab ly  the m ost accura te  a b  in itio  ca lcu la ­
tions for th e  (nonreactive) O H —H C l in term o lecu lar po ten tia l 
energy  surfaces (PESs) w ere  carried  ou t by  W orm er e t  a l .18 
T hey  u sed  th e  p a rtia lly  spin restric ted  coup led-cluster- 
sing les-doub les p lus non itera tive  trip les [R C C SD (T )] 
m ethod  for the low est po ten tia l and the m u ltireference  co n ­
figuration  in terac tion  m ethod  for the energy  d ifference  b e ­
tw een  th e  first excited  sta te  po ten tia l and  th e  g round  state 
po ten tia l. T hey  also  com puted  the ad iaba tic  m ix ing  angle 
tha t a llow ed  them  to obtain  su itab le  d iabatic  po ten tia ls  from  
the  ad iaba tic  a b  in itio  po ten tia ls , and they  m ade the analytic 
expansion  o f th e  d iabatic  po ten tia ls  tha t w e u sed  in bound  
sta te  ca lcu lations.
In frared  spectroscop ic  m easurem ents o f the in te rm o lecu ­
lar bend  and sp in -o rb it states in  th e  O H  stretch  overtone
reg ion  w ere  m ade b y  M arshall e t a l . 19,20 and M arsha ll and
21L este r for o ther O H -d ia tom  com plexes, nam ely, O H —N 2 
and O H —C O , and for the O H -acety lene  com plex . S pectra  o f 
the  la tte r com plex  w ere  also m easured  in the acety len ic  
asym m etric  C H  stretch  reg ion . T hese  au thors p resen ted  a
©  2009 A m erican Institute of Physics0021-9606/2009/131 (12)/124307/14 /$25.00  131, 124307-1
Downloaded 22 Jun 2010 to 131.174.17.26. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
124307-2 Groenenboom, Fishchuk, and van der Avoird J. Chem. Phys. 131, 124307 (2009)
theo re tica l analysis o f the  O H —N 2 and O H —C O  spectra  w ith 
the u se  o f  a m odel tha t includes the w =  ±  2 sp in-orbit 
g round  sta te  o f  the O H (2n )  fragm en t and the bends o f  bo th  
m onom ers. T hey  also carried  ou t m odel ca lcu lations w ith  the 
u se  o f  an in term olecu lar po ten tia l consisting  o f  the O H  
d ipo le -N 2 (or C O ) quadrupo le  in terac tion . T he  O H -acety lene  
spectra  w ere  in terp re ted  w ith  th e  aid o f  a rig id  T -shaped 
m odel.
H ere, w e presen t, analyze, and com pare  the resu lts o b ­
tained  from  tw o d ifferen t m odels for the bo u n d  states o f the 
O H —H C l com plex . T he  first fou r-d im ensiona l (4D) m odel 
treats all in term olecu lar coord inates sim ultaneously  and the 
second  (3 + 1 )D  m odel m akes an adiabatic  separation  b e ­
tw een  the coo rd inate  R , the  d is tance  betw een  the O H  and 
H C l cen te rs o f  m ass, and the rem ain ing  coord inates . A ll c a l­
cu lations invo lve  bo th  the g round  w =  ±  j  and exc ited  w 
= ±  2 sp in -o rb it com ponen ts o f  the O H (2n )  m onom er and 
are based  on a b  in itio  d iabatic  p o ten tia ls .18
II. THEORY
T he O H —H C l com plex  is considered  as a ro ta ting  d im er 
consisting  o f  tw o rig id  m onom ers deno ted  as m onom er A , 
w hich stands for th e  O H  rad ica l, and m onom er B , w hich  is 
the H C l m olecu le . T he  O —H  bo n d  leng th  r OH is fixed at
1 .950a0.22,23 T he  H —C l bond  leng th  r HCl= 2 .4 0 9 4 a 0 co rre ­
sponds to the equ ilib rium  d is tance .24 T he H am ilton ian  o f  the 
com plex  is expressed  in Jacob i coord inates as (in a tom ic 
units w ith  ñ  = 1 )
H H H 1 â2
H  = H or +  # H a  -  2 j abR  â R 2 R
J 2 + J B  -  (j-DFB J-DF)+ HDFB J+DF) + 2 j J )
2 j abr
+ V (R ,0 a ,0 b ,4>) .
It consists o f  the m onom er H am ilton ians
(1)
H or  = B 0J A a -  j2AMF) + S 2 -  ¿2(MF) -  ¿ M T f 1
-  S-MF)j-MF)) + H Ad + A LJ (MF) J (MF) 
'0L z Sz
and
H  HCl = B
J2
0Hc[Jb
(2)
(3)
the rad ia l k inetic  energy  opera to r for the re la tive  m otion  o f 
the m onom ers, the k inetic  energy  opera to r for the end-over- 
end ro ta tion  o f  th e  com plex  expressed  in body-fixed  co o rd i­
nates, and th e  po ten tia l energy  operator
V (R ,0 a ,0 b ,4>) = 2  |A ')V a ',a (R ,Ö a ,Ö b ,^ )< A |. (4)
a ',a
T he quan tum  num ber A is th e  p ro jec tion  o f  the elec tron ic  
orb ita l angu lar m om en tum  o f  th e  open-shell O H  rad ica l on 
the O H  axis; the po ten tia l energy  operator in  E q. (4) couples 
the d iabatic  states o f  th e  com plex  w ith  A  = ±  1 tha t correlate  
w ith  the co rrespond ing  com ponen ts o f  the 2n  state o f  the 
O H  rad ical. O ther quantities appearing  in th e  H am ilton ian  
are the reduced  m ass j a b = mAm B/ (mA + m B) w ith  mA = m H
FIG. 1. Hydrogen-bonded equilibrium geometry of OH—HCl in the lower 
adiabatic potential V  with 0oh= 110.7°, 0qh= 176.4°, ^=180°, and Re 
= 6.36a0.
+ m o and m B= mR + ma , w here  mR, m o, and m a  are the 
atom ic m asses, and  the angu lar m om en tum  operators j A, j B, 
and J . T he  opera to r J  rep resen ts the to tal angu lar m om entum  
o f  th e  system , j A and  j B are  the m onom er angu lar m om enta,
and j AB = .Ja + j B.
A  tw o-ang le  em bedded  d im er-fixed (DF) fram e is d e ­
fined  w ith  its z-ax is para lle l to the vecto r R , w h ich  points 
from  th e  cen te r o f  m ass o f  the O H  rad ica l to the cen ter o f 
m ass o f  th e  H C l m olecu le . Tw o m onom er-fixed  (M F) fram es 
h ave  their z-axis a long the m olecu la r axes o f  O H  and H Cl. 
T he coord inates ( ß , a )  are the space fixed (SF) po lar angles 
o f  R , ( 0a , (f>A) are the p o la r angles o f  the vecto r r OH (pointing 
from  O  to H) w ith  respec t to  the D F  fram e, and  ( 0b , cßB) are 
the  p o la r angles o f r HCl po in ting  from  Cl to H , also in the D F  
fram e. T he d ihedra l ang le  cfr is defined as (f>=4>A -4 > B- See 
F ig . 1 for an illu stration  o f  th e  coord inates.
T he d im er fram e fixed and  m onom er fram e fixed co m ­
ponen ts o f  th e  angular m om en tum  operators, labeled  by  the 
superscrip ts D F  and M F, m ust b e  d is tingu ished  because  they  
act d ifferen tly  on the angu lar coord inates and on the basis 
functions (defined below ). T his is reflected  by  th e  action  of 
the  shift operators, w hich  are  defined in the u sua l w ay  excep t 
those  that act on the angles u sed  to  define the ir fram e.25 T he 
la tter a re  g iven  by
j ±df) = j df) +  j y DF),
j (MF) = j (MF)
J ±,A J x,A
,j(MF)
i j y,A , (5)
jMF) = jMF) -  ■ j(MF) 
J±  ,B =  Jx,B — lJy ,B .
S ' s^rs m  ^  r\
T he angu lar m om en tum  operators J 2, j A, j B, j AB, and  S 2 are 
fram e independent.
In  the O H  m onom er H am ilton ian , S rep resen ts the 
spin operator. T he sp in -o rb it coup ling  constan t equals A 0 
= -1 3 9 .2 1  cm -1 and  th e  g round  sta te  ro ta tional constan ts o f 
O H  and H C l are B 0 = 18.5487 cm -1 and B 0
, u O H  UH C
= 10.440 19 cm -1 . T he  A -type  doub ling  te rm  o f  O H  is
H ad  = A2(mf)
. A2(MF)
-  (  p + î ) i j 1+ f j ‘A,F)
p  + q ) S(MF)J(MF) + q J2(MF)
2 + q Is -  j +,A + 2 j +,A (6)
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w ith  the param eters p  =  0 .235  cm -1 and q = -0 .0 3 9 1  cm -1 .26 
T he operator A -(MF) = |-1 )< 1 | couples the tw o com ponen ts o f 
the O H (2n )  sta te  and A+(MF) = A -(MF)t is its H erm itian  co n ­
jugate .
T he d iabatic  po ten tia ls  V a ',a (R , 0a , 0b , ft) in  E q . (4) are 
the O H —H C l in terac tion  po ten tia ls  for the d iabatic  e lec tron ic  
states |A ) w ith  A  = ±  1 and the d iabatic  PE Ss fo rm  a 2 X 2 
m atrix . T hey  are re la ted  to the a b  in itio  ad iaba tic  PE Ss by
V -1,-1 = V1,1 = 2 (V 1 + V2) ,
V -1,1 =  V1-1 = 2 (V2 -  V 1 )e x p (-2 ir ) ,
(7)
(8)
H ere, wA = 2  + A  is the  p ro jec tion  o f  the |AMF) opera to r on the 
O H  axis and 2  is the spin p ro jec tion . f ì  is a nearly  good 
quan tum  num ber, w hich rep resen ts the p ro jec tion  o f the total 
angu lar m om en tum  opera to r J  on the in term olecu lar axis 
a long the vecto r R , w h ich  is th e  z-ax is o f  the D F  fram e. The 
sum m ation  indices mA and m B are the p ro jec tions o f  the  an ­
gu lar m om en tum  operators jA°F) and  |BDF) onto the in te rm o­
lecu lar axis, respectively . T he exact quan tum  num ber M  is 
the  p ro jec tion  o f the opera to r J  onto the z-ax is o f  th e  SF 
fram e. M , as w ell as the exact quan tum  num bers J  and S, 
w as om itted  from  th e  short no tation  on th e  left hand  side.
T he full d iabatic  basis functions includ ing  the rad ia l part 
are w ritten  in  the fo llow ing  form :
w here  y  rep resen ts th e  m ix ing  ang le  depending  on the sam e 
variab les as th e  po ten tia ls . T he  ad iaba tic  PE S s V1 and V2 are 
the energ ies o f  the g round  and the first excited  elec tron ic  
states, w h ich  b ecom e degenera te  w hen  the O H (2n )  and H Cl 
fragm ents are  separated . In our ca lcu la tions it w as co n v e­
n ien t to use  th e  expansion  o f  the d iabatic  po ten tia ls  from  
R ef. 18,
VA,A'(R , 0A, 0B, ft)
,.a a '
n  A ,w A,jA, j B, j AB, f ì )  = R  $ n (R )|A ,w A,jA ,jB ,jAB, f ì ) ,
= 2  vAA bl ( R ) 2  <La, m  ; L b ,- M |L ,0 )
La b^L •M'
X D M A' -A(ftA, °A ,0 ) *C Lb,-M( 0B, ftB) , (9)
w here  D LMK( f t , 0 , ^ )  are W igner D -func tions, CLM( ° ,  ft) are 
R acah  norm alized  spherical harm on ic  functions, 
<l, m ; l ' , m ' |L , M ) are  C lebsch—G ordan  coeffic ien ts,27 and 
VlAlbL(R ) are the  R -dependen t expansion  coefficients.
T he basis in  w hich  w e carry  ou t the bound  state ca lcu ­
lations for the O H —H C l com plex  is sim ilar to the basis u sed  
by  O ffer and van  H em ert28 and O ffer e t a l .29 in  coup led  
channel calcu lations for ine lastic  O H —H 2 co llis ions. T his b a ­
sis is ca lled  d iabatic  because  its e lec tron ic  p art |S , 2 ) |A )  co r­
responds to  the d iabatic  states w hich  define th e  d iabatic  p o ­
ten tia ls. T he d iabatic  basis for the bound  state (or scattering) 
calcu lations inc ludes, how ever, m ore  functions. T he ro tron ic  
p art o f the  d iabatic  basis function  is g iven by  th e  elec tron ic  
b asis functions and a coup led  p roduc t o f  sym m etric  ro to r 
functions (W igner D -functions) and spherical harm onics 
Y jm (° ,f t) ,
(11)
w here  |n) = R -1^ n(R) is a rad ia l basis function  and  $ n(R) is a 
con trac ted  sinc-D V R  (d iscrete  variab le  represen tation) 
function .30 T he rad ia l re fe ren ce  po ten tia l V ef(R) u sed  to g en ­
era te  this rad ia l basis is ob tained  from  a rad ia l cu t Vcut(R) of 
the  low est adiabatic  po ten tia l V 1 th rough  the g lobal m in i­
m um  (0a = 1 1 0 .7 ° , 0b = 1 7 6 .4 ° , and f t= 1 8 0 ° ) . B y scaling  the 
rad ia l coo rd inate  R  so tha t V ef(R) = Vcut(R / a )  w e optim ized 
the  rad ia l basis th rough  vary ing  a .  T he op tim um  value  w as 
a = 0 .9 8 .  In th is op tim ization  p rocedu re  w e checked  no t only 
the  g round  sta te  b u t also  th e  low est five excited  states.
In  addition  to J , M , and S , th e  parity  p  o f  the states under 
the  inversion  i is a good  quan tum  num ber. T he effec t o f 
inversion  on th e  basis is
A ,w A, j A, j B, j AB, fì)
= ( -  1 ) j B +jAB+J |n , -  A , -  « a J a J b J a b , - f ì ) . (12)
H ence, w e construct a parity -adap ted  basis in  the fo llow ing  
w ay:
k  A , wA, j A, j B, j AB, f ì , p )
= Ä/2 [|n , A ,W A, j A, j B, j AB,
+ p ( -  1 )S+jA+jB+JAB+J|n, -  A , - « a , Ja J bJ a b , - « ) ] ,  (13)
| A , wA,j A, j B, j AB,
(2 J  + 1 ) (2Ja + 1 )
16OT2
1 /2
|s ,2 ) |A )  2
mAmB
X  [D mAwA(ftA, °A,0 T Y jBmB( 0B, f tB)<j AmA ;j Bm B{jABf ì ) ]
x d MMsi ( a , ß , 0 ) . (10)
in w hich  w e res tric t ourselves to positive  values o f  f ì .  It is 
cu stom ary  to  u se  th e  spectroscop ic  parity  e = p ( - 1 ) J-S ra ther 
than  the to tal pa rity  p .  S tates w ith  parities e = 1  (even) and 
e = - 1  (odd) are deno ted  w ith  e and f ,  respectively .
T he form  o f  a m atrix  e lem en t o f  th e  po ten tia l, E q. (4 ), in 
the  p rim itive  d iabatic  basis is
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<n ' , 2  ' , A  ' , ^  j'A, .j B,j Ab , f ì  ' | V ^ ^ A ^ B ^ ^ n  2 ,  K  wA, j A, j B, j AB, f ì )
S% '2Sfì',fì 2  ( - 1  )LA-LB+jA- jB+jAB-L -w 'A-f ì<n '
La,Lb,L
, A ',A  V j j  La,Lb, ;(R)|n)
X [(2 L  + 1)(2jJA + 1 ) (2Ja + 1)(2jB + 1)(2Jb + 1 ) (2 jAb + 1)(2Jab + 1)]
1/2
X
Ja L a JA \  I JB L B ,/b | I JAB L  JAB
-  « a A ' -  A  w j \  0 0 0 / \ - f ì  0 f ì
JA L A j A
JB L B j B
JAB L  JAB
(14)
in term s o f  3-J  and 9-J  sym bols. In  th e  evalua tion  o f  the 
m atrix  e lem ents o f o ther term s in  the H am ilton ian  w e used  
the w ell know n p roperties o f  the angu lar m om en tum  op era­
tors. C om plete  form ulas are  p resen ted  in  R ef. 3 1 .
III. BOUND STATE CALCULATIONS
In addition  to the full 4D  calcu la tions involv ing  all 
in term olecu lar coord inates w e applied  an approxim ate 
(3 + 1)D  m odel. T he resu lts from  th is (3 + 1)D  m odel are u se ­
ful in the in terp re ta tion  o f  the  4D  resu lts . In all calcu lations 
w e u sed  the d iabatic  PE Ss com puted  earlie r by  W orm er 
e t  a l .18 T he data  needed  to com pute  the  expansion  coeffi­
cients v ^ L ^ R )  o f these  po ten tia ls  for arb itra ry  values o f  R, 
see E q. (9), are ob ta ined  from  R ef. 18.
A. 4D calculations
T he ca lcu la tions w ere  carried  out in  four d im ensions 
w ith  the coord inates R  , ° A, ° B , f t for tw o values o f  the  total
1 3angular m om entum , J  =  2 and  ^. T he 4D  bound  states o f  the 
com plex  w ere  ob tained  b y  so lv ing  the H am ilton ian  m atrix
32eigenva lue  p ro b lem  w ith  the D av idson  algo rithm  w ith  co n ­
vergence to at least 10-2 cm -1 . T he angu lar basis is tru n ­
cated  at JA = 9 .5 , = 11  and  the rad ia l basis is truncated
°  ^ m a x  °  ° m a x
at n max= 1 5 . T he  angu lar basis size is sim ilar to tha t u sed  in 
bound  sta te  calcu lations for th e  w ater d im er b y  G ro en en ­
boom  e t a l., cf. Table III in  R ef. 33 . T he O H —H C l and 
H 2O —H 2O  system s are  sim ilar in  th e  po ten tia l an iso tropy  
and w ell dep th . In order to ch eck  th e  convergence  o f  the 
basis w e carried  out 4D  calcu la tions w ith  = 7 .5 ,
m a x  m a x
= 8, and a rad ia l basis w ith  n max= 1 5  as w ell as th ree ­
d im ensional (3D ) ca lcu lations for fixed R  = 6 .4 a 0 w ith  J  = | .  
In the 4D  calcu lations, the g round  state  energy  for the 
sm aller angu lar basis is equal to -7 2 1 .0 9  cm -1, w h ile  the 
co rrespond ing  energy  for the basis w ith  JA = 9 .5  and  JB
m a x  m a x
= 11 u sed  in the calcu lations is -7 2 3 .1 2  cm -1 . In the 3D 
calcu lations for R  = 6 .4 a 0 w e observed  tha t increasing  JA 
from  8.5 to 9 .5  low ers the g round  state energy  by  only 
0 .004 cm -1, w h ile  increasing  j b from  10 to 11 low ers it by  
nearly  0 .2  cm -1 . T he convergence  is considerab ly  better for 
quan tities fo rm ed from  energy  d ifferences such as v ibrational 
excita tion  energ ies, ro ta tional constan ts, parity  sp littings, etc.
B. (3+1 )D calculations
F or c losed-shell system s the m ethod  exp la ined  in  this 
section  is re fe rred  to as B orn—O ppenheim er angular-radial 
separa tion34 or som etim es as the ad iaba tic  ben d er (AB) 
app rox im ation .35 H ere  w e apply  a sim ilar ad iaba tic  separa­
tion  to  the  angu lar and elec tron ic  coord inates , on the one 
hand , and the d is tance  R  on the  other. T he m ethod  consists o f 
tw o steps. F irst, the  A B  poten tia ls  w ere  obtained  by  a series 
o f  3D  calcu lations w ith  R  fixed at values rang ing  from  4 .8  to 
15 .0a0 in  steps o f  0 .1 a 0 for J  = 2  and J  = 2 . T he  3D  ca lcu la ­
tions are carried  ou t w ith  a lm ost the sam e H am ilton ian  (1) as 
the  4D  calcu lations excep t that the rad ia l k inetic  energy  o p ­
era to r is om itted  and th e  rad ia l coo rd inate  R  is fixed. T he 
ro tron ic  basis u sed  is th e  sam e as in  the 4D  m odel, see E q.
(10 ). T he  R -dependence  o f  th e  energy  levels from  the 3D 
calcu la tions is show n in F ig . 2 , w h ich  con ta ins also  the lev ­
els from  the full 4D  calcu lations. T he curves in F ig . 2 are  the 
A B  po ten tia ls . W hen  curves co rrespond ing  to  th e  d ifferent 
values o f  J  nearly  coincide, they  belong  to th e  sam e |f ì | 
value. In the second  step o f  the (3 + 1  )D  m odel, each  AB 
po ten tia l w as u sed  to ca lcu la te  stre tch  v ib rational energy  lev ­
els for the com plex . T he requ ired  one-d im ensional (1D ) cal-
30cu lations w ere  m ade  w ith  the sinc-D V R  m ethod . T he AB 
curves asym pto tica lly  co rre la te  w ith  th e  m olecu la r states o f 
the  O H  and H C l m olecu les , therefore , these  curves can be 
labeled  w ith  the quan tum  num bers o f  O H (2n )  and H C l. O ne
4D calc. 3D  calc, with R fixed
9
R(a0)
FIG. 2. The AB potentials in comparison with the 4D calculated energy 
levels both of e parity.
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V  V2
eoH (degrees) eOH (degrees)
FIG. 3. Adiabatic potentials V  and V2 in cm-1 for ft=180° and optimized R. The range of the angle 0qh has been extended up to 360° in order to cover all 
planar geometries. The upper half of the figure for 180 ° S°C1H ^  360° corresponds to the usual range of 180 ° — °ciH & 0° with ft=0°.
m in im um  o f the V 1 po ten tia l rep resen ts a hydrogen-bonded  
structu re  w ith  H C l being  the  donor and O H  th e  acceptor. T he 
g lobal m in im um  o f the V2 po ten tia l in  com parison  w ith  the 
V1 po ten tia l is sh ifted  tow ard  a larger va lue  o f  th e  °OH coo r­
d inate , approach ing  the linear geom etry . T here  is also  a local 
m in im um  in bo th  po ten tia l su rfaces, V1 and  V2. T hese  local 
m in im a rep resen t a hyd rogen-bonded  structu re  as w ell, bu t 
O H  is now  the donor and H C l is the acceptor. T he local 
m in im a are a lm ost iden tica l for the tw o poten tia ls . T he local 
m in im um  in th e  V 1 po ten tia l is located  at 0OH = 5 .5O, °C1H 
= 86.9°, and ft= 1 8 0 °  w ith  R e =  6 .6 5 a0 and has D e 
= 655 cm -1; th e  V2 local m in im um  has D e = 651 cm -1 w ith  
R e = 6 .6 5 a0 and is loca ted  at 0o h = 4 .9 °  and °C1H = 86.7°.
T able I p resen ts th e  energ ies and co rrespond ing  quan tum  
num bers for |f ì |  =  2 from  the tw o types o f  ca lcu lations, 4D  
and (3 + 1)D , for to tal angu lar m om en tum  quan tum  num ber 
J  = 1 . T he stretch  v ib ra tional q u an tum  num ber v s is assigned 
to the 4D  resu lts by  analyzing  th e  popu la tions o f  th e  rad ial 
basis functions $ n(R). I f  a basis function  w ith  a certa in  value 
o f  n  occurs in  th e  bound  state w ith  p robab ility  (population) 
la rger than  or equal to 50% , w e assign th e  quan tum  num ber 
v s = n  to this bound  state. I f  th e  popu la tion  is less than  50%
has to keep  in  m ind , how ever, tha t the ch aracter o f  th e  w ave 
functions rap id ly  changes w here  the cu rves h ave  avoided 
crossings.
IV. RESULTS AND DISCUSSION
Section  IV  A  describes the da ta  com puted  and the defi­
n ition  o f  the p aram eters u sed  to assign  the bound  states. S ec­
tion  IV  B p roceeds w ith  the  characteriza tion  o f  the bound  
states and the analysis o f  th e  effects that cause  their p ro p er­
ties.
A. Assignment of bound states
F o r th e  in terp re ta tion  o f  the bound  states it is u sefu l to 
consider first the re levan t po ten tia l surfaces o f  O H —H C l 
com puted  in R ef. 18. F igu re  3 show s the ad iaba tic  in te rm o ­
lecu lar po ten tia ls  co rrespond ing  to  the  g round  (V1) and e x ­
cited  (V2) states. T he g lobal m in im um  in the low er potential, 
see F ig . 1, has a dep th  D e = 1 1 2 3  cm -1 and is located  at 
°OH= 110.7°, ° C1H= 176.4°, and d ihedra l ang le  f t= 1 8 0 °  w ith  
R e= 6 .3 6 a 0. T he g lobal m in im um  o f the V2 po ten tia l has a 
sm aller D e va lue  o f  857 cm -1 and it is located  at °OH 
= 159.8°, ° C1H= 172.5°, f t= 1 8 0 ° , and R e= 6 .5 5 a 0. T he  g lobal
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TABLE I. Energies of lowest bound states of e parity and rotational constants Bv in cm 1 from 4D and (3 + 1)D calculations for |fì| = 2. The geometry labels 
pi and npl refer to planar and nonplanar structures; the approximate spin-orbit quantum numbers ü>A, (|wA|) , A are explained in the text; vs, Vb , and v ^  are 
approximate quantum numbers for the stretch, OH bend, and HCl bend modes, respectively. The (3+1)D results are labeled with f  and v  numbers the AB 
potentials from which they were obtained.
State EJ=1/2 Geometry wA <|«a|) a vs v bbOH VbHC1 Bv EJ=1/2 (v, Vs)f Bf
1 723.12 pl -0.51 1.16 -0.21 0 0 0 0.1232 721.65 0,0 0.1255
2 697.17 pl 0.38 1.13 0.09 0 0 0 0.1255 695.74 1,0 0.1258
3 -629.54 pl -0.55 1.17 -0.24 1 0 0 0.1194 -628.51 0,1 0.1219
4 -603.58 pl 0.40 1.14 0.10 1 0 0 0.1215 -602.69 1,1 0.1223
5 -562.53 pl -0.40 1.20 -0.19 0 1 0 0.1248 -561.77 2,0 0.1267
6 -547.03 pl -0.14 1.17 -0.09 0 1 0 0.1246 -545.77 3,0 0.1277
7 -542.08 pl -0.55 1.19 -0.26 2* 0 0 0.1135 -543.42 0,2 0.1184
8 -532.94 npl 0.13 1.07 0.06 0 1 0 0.1265 -526.96 4,0 0.1275
9 -519.75 npl 0.24 1.09 0.01 0 0.1244 -  512.25 5,0 0.1270
10 -514.46 pl 0.29 1.08 0.01 2* 0 0 0.1206 -517.85 1,2 0.1192
11 -479.03 pl -0.39 1.22 -0.20 1 1 0 0.1203 -479.83 2,1 0.1250
12 -468.24 npl -0.25 1.18 -0.13 1 0.1248 -464.62 3,1 0.1251
13 -460.03 npl -0.54 1.20 -0.27 0.1146 -466.74 0,3 0.1153
14 -451.77 npl 0.31 1.13 0.03 1 0.1226 -440.58 4,1 0.1231
15 -451.46 npl -0.11 1.08 -0.07 1* 0.1316 -428.64 5,1 0.1228
16 -446.23 pl -0.74 1.27 -0.43 0 0 1 0.1205 -449.27 6,0 0.1246
17 -436.50 pl 0.58 1.18 0.24 0* 2 0 0.1181 -437.59 7,0 0.1259
18 -431.26 pl 0.40 1.16 0.16 0* 0.1184 -441.58 1,3 0.1164
19 -426.56 pl -0.80 1.24 -0.51 0 0.1240 -422.37 8,0 0.1248
20 -413.52 pl 0.34 1.21 0.15 0 0.1238 -412.95 9,0 0.1246
b u t still has a substan tia l va lue  (e.g., 40% ), then  w e m ark  the 
quan tum  num ber w ith  a * and call it m ixed . I f  the p o p u la ­
tions are  a lm ost equally  d iv ided  over d ifferen t values o f  the 
s tre tch  quan tum  num ber, w e pu t the sign • • •.
T he quan tum  num ber wA, th e  p ro jec tion  o f  th e  elec tron ic  
angular m om en tum  on the O H  axis, is no t a good  quantum  
num ber and accord ing  to the popu la tion  analysis is ra ther 
m ixed . T he expecta tion  va lue  o f  wA canno t be  u sed  to ch ar­
acterize th e  elec tron ic  character o f the e igenstates, since they  
are parity  adap ted  and th e  com ponen ts w ith  ±  wA occur w ith  
equal w eights . T his happens already  in free O H , w here  the 
expectation  va lue  (wA) = ( J ^ )  canno t b e  u sed  to  d is tingu ish  
the g round  sta te  w ith  wA = ±  2 and the excited  spin-orbit 
state w ith  wA =  ±  ^ b ecause  also th e  e igenstates o f  O H  are 
p arity  adap ted  and the expecta tion  va lue  <wA) equals to 0 for 
bo th  states. A  p o ss ib le  w ay  to d is tingu ish  the g round  and 
sp in -o rb it excited  states o f O H  is to consider only  the co m ­
ponen ts w ith  positive  wA in the p arity -adap ted  states, or, 
equivalently , one m ay  com pute  the expecta tion  values wA o f 
the p ro d u c t opera to r L J M ^ ,  w here  the ro le  o f  the elec tron ic  
orb ita l angu lar m om en tum  operator L z w ith  e igenva lues A 
= ±  1 is only  to  com pensate  for th e  sign o f  wA. A no ther 
possib ility  is to com pu te  th e  expecta tion  value  (|w A|) 
= <HMF)|). In the case  o f  free O H  these  tw o options are 
equ ivalen t, they  bo th  p ro d u ce  the wA va lue  o f  2 for the 
g round  state  and 2 for the exc ited  state. In the O H —H Cl 
com plex  th e  O H  substates w ith  wA = - 2 , - 2 , ;A, 2  a re  all 
m ixed . A  further com plica tion  is tha t for the O H —H C l co m ­
p lex  yet ano ther p ro jec tion  quan tum  num ber appears, 
nam ely, f ì ,  w hich  rep resen ts the to ta l angu lar m om entum  
pro jec tion  on the D F  z -axis. T he parity -adap ted  states o f 
O H —H C l are equal m ix tu res o f  the basis functions |A , wA, f ì )
and |—A , —wA , - f ì ) ,  see  E q. (13 ). B y  analogy  w ith  the free 
O H  m olecu le , w here  w e considered  only  the com ponents 
w ith  positive  wA, w e now  consider only  th e  f ì > 0  co m p o ­
nents o f the parity -adap ted  states in the analysis and com pute  
the  average va lue  wA from  these  com ponents only. T he ex ­
pecta tion  value  (|w A|) = <|j ZMF)|) is defined  in th e  usual w ay  as 
above. In  Tables I and II w e p resen t bo th  quan tities w hich 
y ield  com plem en tary  in fo rm ation . T hey  characterize  the ex ­
ten t to w hich  th e  O H  ground  and exc ited  states w ith  |wA|
3 1= 2  and 2 a re  m ixed  as w ell as th e  ex ten t to  w h ich  the p o p u ­
lations o f the ±  wA substates are pertu rbed  by  the in teraction  
w ith  H C l. T he m ix ing  occurs th rough  the o ff-d iagonal d iab a ­
tic coup ling  po ten tia l V1-1 . To better understand  th e  ro le  o f 
this coup ling  w e also p resen t values o f  A calcu la ted  in  the 
sam e w ay as wA. T he  quan tity  A  is a m easure  for th e  exten t 
to w h ich  the A  = ±  1 com ponen ts o f  O H (2n )  are m ixed , i.e., 
for th e  am oun t o f  quench ing  o f the O H  orbital angu lar m o ­
m en tum  in O H —H C l.
T he bend  q u an tum  num bers v b , v b , and the g eo m ­
etry  ind ica tions “p i” and “np l” (p lanar and nonplanar) are 
ob tained  b y  analyzing  the density  d is tribu tion  p lo ts. Several 
o f  these  p lo ts are show n in F igs. 4 —6 . T he density  d is trib u ­
tions w ere  obtained  by  tak ing  abso lu te  squares o f  the  rov i- 
b ron ic  w ave functions, sum m ation  over the  e lec tron ic  states, 
and in teg ration  over the overall ro ta tion  ang les ( a , ß )  o f  the 
com plex . T he  rad ia l coo rd inate  w as fixed at R  =  6 .6 a0, w hich 
is sligh tly  larger than  the d is tance  for the hydrogen-bonded  
equ ilib rium  geom etry  o f the com plex . B y  com bin ing  the 
density  d is tribu tions for the d ihedral ang le  f t  at f t= 0 °  and 
ft= 1 8 0 °  w e show  in F igs. 4  and 5 the density  d istribu tions 
for all p lanar geom etries o f  the  com plex.
T he ro ta tional constan t B v o f  each sta te  for the 4D  m odel
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TABLE II. Energies of lowest bound states of e parity and rotational constants Bv in cm 1 from 4D and (3 + 1)D calculations for |fì| = | .  See Table I for 
explanation of the symbols.
State EJ=3/2 Geometry wA <|«a|) a vs v bbOH VbHC1 e J=3/2 (V, Vs)f Bf
1 -709.04 pl -0.66 1.21 -0.36 0 0 0 -707.88 0,0 0.1249
2 -631.30 pl 0.31 1.16 0.04 0 0 0 -629.75 1,0 0.1264
3 -618.70 pl -0.74 1.22 -0.41 1 0 0 -617.09 0,1 0.1212
4 -570.69 pl -0.77 1.27 -0.47 0 1 0 -574.46 2,0 0.1244
5 -541.26 pl 0.01 1.22 -0.10 1 0 0 -538.38 1,1 0.1233
6 -536.02 npl -0.56 1.17 -0.30 0 -529.11 3,0 0.1275
7 -531.50 npl -0.54 1.17 -0.29 0* -534.40 0,2 0.1178
8 -501.18 pl 0.40 1.17 0.11 0 2 0 -497.38 4,0 0.1272
9 -490.37 -0.46 1.23 -0.30 0* -495.18 2,1 0.1234
10 -469.29 npl -0.00 1.24 -0.08 0 -468.79 5,0 0.1264
11 -462.76 pl -0.55 1.26 -0.36 -459.51 0,3 0.1150
12 -452.76 npl -0.48 1.16 -0.24 1 -445.24 3,1 0.1235
13 -450.47 pl -0.18 1.18 -0.15 2* -456.15 1,2 0.1206
14 -440.08 pl -0.46 1.10 -0.32 0 -439.79 6,0 0.1261
15 -442.42 pl 0.24 1.20 0.09 1 -414.86 4,1 0.1235
16 -414.78 npl -0.11 1.18 -0.17 1 -389.87 5,1 0.1222
17 -409.06 npl -0.41 1.17 -0.22 0 -406.24 7,0 0.1247
w as ca lcu la ted  accord ing  to  th e  fo rm ula  B v =  (EJ=3/2 
- E j =1/2) /3 .  T he  la tter w as ob ta ined  from  th e  approxim ate 
form ula
E (J , | f ì | ) ~  E 0( |f ì |)  + B v ( |f ì |) J ( J  + 1 ) , (15)
w here  the energies E ( J , |f ì |)  are averaged  over the e and f  
parities. T he O H —H C l com plex  is a near sym m etric  top, 
hence  f ì  is a nearly  good  quan tum  num ber; consequently , 
E q. (15) can b e  u sed  for each  |f ì | .  W ith in  th e  fram ew ork  of 
the (3 + 1)D  m odel the  ro ta tional constan ts B v 
= < [ 2 jAbR 2] -1) w ere  ob tained  by  averag ing  over th e  1D ra ­
dial e igenfunctions com posed  o f  sinc-D V R  basis functions. 
In th e  ( V, v s) abbrev iation  v  labels th e  A B  curves on w hich 
rad ia l stre tch  states v s w ere  com puted .
T able III lists th e  parity  sp littings A E = E f -  E e for the 4D  
m odel and th e  3D  calcu la tions. T he parity  splittings for the 
4D  m odel are show n for every  g iven  state. In  o rder to co m ­
pare  the tw o m odels the 3D  m odel parity  sp littings w ere  
com puted  w ith  the in term olecu lar d is tance  fixed at th e  eq u i­
lib rium  d is tance  for the low est A B  po ten tia l, R e= 6 .4 a 0.
B. Interpretation and discussion
T he low est rov ib ron ic  state w ith  E = - 7 2 3 .1 2  cm -1 p o s­
sesses a p lanar geom etry  (see F ig . 6) located  around  °OH 
= 110°, ° C1H= 176° (see F ig . 4 ) and c learly  corresponds to  the 
g lobal m in im um  w ith  D e = 1 1 2 3  cm -1 o f the low est adiabatic  
po ten tia l V1 show n in F ig . 3 . T he d issocia tion  energy  o f  the
j  = m = i J = |Q| = j  = m = i
FIG. 4. Density distributions for planar geometries of the lowest states with |f ì |= ^  and 2 from the 4D calculations.
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FIG. 5. Density distributions for planar geometries of some bend excited states from the 4D calculations for J = |fì| =
O H —H C l com plex  D 0 = 684.9  cm -1 is less than  723 .12  cm -1 
because  the O H (2n 3/2) g round  sta te  has an energy  of 
-3 8 .2  cm -1 on the energy  scale  u sed  in our ca lcu lations. 
O n ly  for states m uch  h igher in  energy, as, for exam ple, for 
state 17 w ith  E = - 4 3 6 .5 0  cm -1 (see F ig . 5) th e  density  d is ­
tribu tion  con tours approach  the local m in im um  o f the Vj 
po ten tia l seen in F ig . 3 at 0o h = 5 .5 °  and °C1H= 8 6 .9 ° .
F o r the low est e igh t bound  states for J  = 2  w ith  |f ì |  = 2 
one can easily  assign the approx im ate  quan tum  num bers in ­
d ica ted  in T able I . A ll e igh t states possess a p lanar geom etry  
excep t state num ber 8 w ith  E = - 5 3 2 .9 4  cm -1, w h ich  is n o n ­
p lanar and p robab ly  exc ited  in  the  to rsional m ode, as one can 
see in F ig . 6 .
T he g round  state (E = - 7 2 3 .1 2  cm -1) has a m ixed  e lec ­
tron ic  character w ith  popu la tions o f  53%  o f  wA = - 2 ,  7%  of 
wA =  - 2 ,  27%  o f  wA = 2, and 13% o f wA =  | .  S tate  3 has a l­
m ost the sam e popu la tion  d is tribu tion  am ong the wA values. 
Such a sim ilar e lec tron ic  character m igh t b e  expected
because  this sta te  is the first s tretch  excited  state. 
A lso  the angu lar density  d is tribu tion  o f  sta te  3 w ith  E  
= -6 2 9 .5 4  cm -1 looks a lm ost the  sam e as tha t o f  the g round  
sta te  w ith  E = - 7 2 3 .1 2  cm -1 in  F ig . 4 . T he second  stretch- 
excited  sta te  is state num ber 7. T he elec tron ic  sim ilarity  o f 
the  th ree  stretch  states is n ice ly  reflected  b y  the very  sim ilar 
values o f  WA, (|w A|), and A  in T able I . T he end-over-end  
ro ta tional constan t B v for states 1, 3, and 7 is observed  to 
d ecrease  w ith  increasing  va lue  o f  the stretch  quan tum  n u m ­
b er v s as expected .
T he low est excited  state  for |f ì |  =  2 , s ta te  2 w ith  E  
= -6 9 7 .1 7  cm -1, is e lec tron ica lly  excited  and has the largest 
con tribu tions from  wA = 2 (48% ) and wA =  - 2  (31% ). H ence, 
this state is the e lec tron ic  coun terpart o f  the g round  sta te  in 
the  sense tha t it has nearly  the  sam e w eights for opposite  
values o f wA. O ne should  rem em ber tha t all the  values o f  wA 
m entioned  refer to  the f ì > 0  com ponents o f the  (parity-
2
FIG. 6 . Density distributions from 4D calculations for J =2 and |fì| = 2 as functions of °oh and ft with 0rci= 170.53° and R =6 .6a0.
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TABLE III. Parity splittings AE=Ef- Ee in cm 1 from 4D calculations and 3D calculations with R fixed at Re=6.4a0 for |fì| = | .  See Table I for explanation 
of the symbols; the 3D results are labeled with J and v e numbers the 3D energy levels, i.e., the AB curves at Re.
State AEJ=1/2 AEJ=3/2 Geometry mA (M > A vs bOH VbHCl v l AEJ=1/2 AEJ=3/2
1 0.298 -0.595 pl -0.51 1.16 -0.21 0 0 0 0 0.301 -0.602
2 0.086 0.171 pl 0.38 1.13 0.09 0 0 0 1 0.083 0.167
3 -0.291 -0.582 pl -0.55 1.17 -  0.24 1 0 0
4 0.091 0.183 pl 0.40 1.14 0.10 1 0 0
5 -0.306 -  0.612 pl -  0.40 1.20 -0.19 0 1 0 2 -0.313 -0.625
6 0.085 0.170 pl -0.14 1.17 -  0.09 0 1 0 3 0.076 0.153
7 -0.249 -  0.492 pl -0.55 1.19 -  0.26 2* 0 0
8 0.239 0.478 npl 0.13 1.07 0.06 0 1 0 4 0.281 0.562
9 0.009 0.018 npl 0.24 1.09 0.01 0 5 -0.024 -0.049
10 0.063 0.125 pl 0.29 1.08 0.01 2* 0 0
11 -0.311 -  0.621 pl -0.39 1.22 -  0.20 1 1 0
12 0.158 0.317 npl -0.25 1.18 -0.13 1
13 -0.204 -  0.408 npl -0.54 1.20 -  0.27
14 0.019 0.063 npl 0.31 1.13 0.03 1
15 0.109 0.195 npl -0.11 1.08 -  0.07 1*
16 -0.221 -  0.441 pl -0.74 1.27 -  0.43 0 0 1 6 -0.300 -0.598
17 0.065 0.130 pl 0.58 1.18 0.24 0* 2 0 7 0.042 0.084
18 0.039 0.077 pl 0.40 1.16 0.16 0*
19 -0.015 -  0.028 pl -0.80 1.24 -0.51 0 8 0.164 0.327
20 -0.033 -  0.065 pl 0.34 1.21 0.15 0 9 -0.168 -0.337
adapted) e igenstates, th e  co rrespond ing  f ì < 0  com ponents 
have  th e  sam e w eigh ts for opposite  va lues o f  wA. 
Q ualitatively , the situation  is the sam e for state 4  w ith  E  
= -6 0 3 .5 8  cm -1, w hich  is stre tch  excited  w ith  respec t to 
state 2. T he stre tch  excita tion  energy  o f  93 .59 cm -1 is very  
sim ilar to  the energy  d ifference  o f 93 .58 cm -1 betw een  the 
low est stre tch  excited  level, state 3, and the g round  state. T he 
strongly  m ixed  wA character show s tha t the |wA| = 2 spin-orbit 
excited  state o f  O H  is h eav ily  adm ixed  in to  the spin-orbit
i i 3g round  state  w ith  |wA| = 2 . M oreover, the popu la tions o f  the 
substates w ith  opposite  values o f wA b ecom e unequal. This 
m ix ing  is a resu lt o f  the coup ling  caused  by  the V -11  
= - 1 o ff-d iagonal d iabatic  po ten tia l [cf. E q. (9)] , w hich  
m ixes the  d iabatic  states w ith  A  = 1  and  A = - 1  and, thereby,
3 1the sp in -o rb it d iabatic  states ma = 2  w ith  ma =  - 2  and ma
3 1 2 2
= - 2  w ith  ma = 2 . T he  strong  d iabatic  coup ling  effec t is r e ­
flected  b y  the sm all va lue  o f  A equal to  0 .09 , w h ich  indicates 
that the d iabatic  states w ith  A = - 1  and A = 1  a lm ost equally  
con tribu te  to  the bound  states considered . In o ther w ords, the 
orb ita l angular m om en tum  about th e  O H  axis, w h ich  is |A| 
= 1 in  free O H , is nearly  quenched  in  the com plex.
In F ig . 4  one observes tha t the con tou r lines in  the d en ­
sity  d is tribu tion  p lo t o f  state 2 w ith  E = -6 9 7 .1 7  cm -1 reach  
the ^OH = 180° border. O bviously , these  states h ave  a g eo m ­
etry  c loser to  linear than  the g round  sta te  (and its co rrespond ­
ing stre tch -excited  states). C om paring  th is w ith  the contour 
lines o f the h ig h er ad iaba tic  po ten tia l V2 in  F ig . 3 , one o b ­
serves tha t these  low  ly ing  e lec tron ica lly  excited  states have  
considerab le  am plitude  in the reg ion  o f th e  g lobal m in im um  
in the V2 po ten tia l. So it is c lea r tha t the second  ad iabatic 
state o f  th e  com plex  becom es re la tive ly  m ore  im portan t for 
these  states than  for the g round  state.
S tate  5 w ith  energy  E = -5 6 2 .5 3  cm -1 (160.6  cm -1 re la ­
tive  to the g round  state) and wA =  - |  (50% ), wA = - 2  (9% ),
wA =  1 (21% ), and wA = 2 (20% ) is bend  excited , as show n in 
F ig . 5 . T he tilted  nodal p lane  in the density  d is tribu tion  
show s tha t th is b en d  involves m ostly  th e  ang le  ^oh, b u t to  a 
considerab le  ex ten t also the ang le  0ClH. T he coup ling  b e ­
tw een  these  tw o bend  angles n ice ly  reflects th e  shape o f  the 
po ten tia l w ell in the ad iaba tic  po ten tia l V 1, see F ig . 3 . So 
sta te  5 m ay  be  characterized  as the (m ostly) O H  bend  excited  
state. W h ile  sta te  6 is O H  bend  excited  also, th e  wA p o p u la ­
tion  is a m ix tu re  o f  wA =  - 2  (38% ), wA = 2 (28% ), and  wA 
= ±  2 (about 17% each). H ere  a considerab le  in fluence from  
the  o ff-d iagonal po ten tia l can  also b e  seen, A  = -0 .0 9 .  S tate  8 
w ith  E = - 5 3 2 .9 4  cm -1 is O H  bend  excited  and possesses a 
nonp lanar geom etry  w ith  a strong  d iabatic  coup ling  effect, 
A  = 0 .06 . T here  are m ore  states w h ich  are fu lly  assigned  in 
Table I in the sam e w ay  as w as done  for the first e igh t states 
w ith  J  = 1 . A m ong  the h igher excited  states w e also found 
one, sta te  16 at E = -4 4 6 .2 3  cm -1, w ith  a nodal p lan e  nearly  
perpend icu la r to th e  nodal p lan e  o f the  O H -bend  excited  
sta te  5 w ith  E = -5 6 2 .5 3  cm -1, see F ig . 5 . So w e m ay  call 
this th e  H C l bend  exc ited  state, b u t one shou ld  rem em ber 
tha t th e  O H  and H C l bends are in  fact strongly  coupled.
T he density  d is tribu tion  o f  the low est sta te  w ith  |f ì |  =  |  
for J  = 2  is show n in F ig . 4 . T his sta te  w ith  E  
= -7 0 9 .0 4  cm -1 in  T able II has coA =  - 2  (59% ), coA = -  (9% ), 
wA =  1 (21% ), and wA =  |  (11% ) and its first s tre tch  excited  
state, sta te  3 w ith  E = - 6 1 8 .7 0  cm -1, has ma =  - 2  (63% ), 
ma =  - 1 (8% ), ma = 2  (19% ), and ma = 2 (10% ). A s one can 
see from  these  popu la tion  d is tribu tions, the effect o f  the o ff­
d iagonal d iabatic  coup ling  V-11 is som ew hat sm aller for 
these  states. This is confirm ed by  the  expecta tion  values A 
= -0 .3 6  and  A = -0 .4 1 . A lthough  the m ost p robab le  geom etry  
o f  these  states is c lose  to the m in im um  o f the low est ad ia ­
ba tic  po ten tia l V 1, they  are  m uch  m ore  strongly  deloca lized
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tow ard  a linear geom etry  (0OH= 1 8 0 °) than  th e  |f ì |  = 2 states. 
A lso  the m in im um  o f the second  ad iaba tic  po ten tia l V2 o c ­
curs for this near-linear geom etry , see F ig . 3 . S everal o f  these 
resu lts ind ica te  tha t ne ither the d iabatic  nor th e  ad iaba tic  p ic ­
tu re  ho lds, and  tha t th e  bound  states o f  O H -H C l cou ld  not 
h ave  been  ca lcu la ted  re liab ly  on a sing le  PES.
A lso  for |f ì | = 2 a num ber o f  excited  states could  b e  iden ­
tified. A  ra ther low  ly ing  e lec tron ica lly  excited  state, s ta te  2, 
occurs at -6 3 1 .3 0  cm -1, a stre tch  exc ited  state, sta te  3, at 
-6 1 8 .7 0  cm -1 (90.3 cm -1 re la tive  to the low est |f ì |  = 2 
state), and a bend  excited  state, sta te  4 , at -5 7 0 .6 9  cm -1 
(152.4 cm -1 re la tiv e  to the g round  state).
A cco rd ing  to Tables I and  II the resu lts  from  the (3 
+ 1)D  m odel agree qu ite  c lose ly  w ith  the resu lts  from  the full 
4D  m odel for th e  low est rov ib ron ic  states for bo th  |f ì |  = 2 and 
|f ì |  = 2. T he rov ib ron ic  g round  state  co rresponds to  J  = 2  w ith  
energies E = - 7 2 3 .1 2  cm -1 and E = - 7 2 1 .6 5  cm -1 for the 4D  
and (3 + 1)D  m odels, respectively . In  addition , th e  ro tational 
constan ts ex trac ted  from  the tw o m odels in  a ra ther d ifferen t 
m anner are qu ite  consisten t. T he (3 + 1  )D  m odel w as very  
help fu l in assign ing  stre tch  quan tum  num bers for h igher e n ­
ergy states in  the 4 D  m odel. It should  b e  m en tioned  that 
m any o f the (3 + 1  )D  energy  levels m atch  w ell w ith  the levels 
o f th e  4 D  m odel; for h igher energy  states the m atch  is no t 
quan tita tive  anym ore, and  at som e p o in t there is too m uch  
m ixing. T his m ix ing  can  already  b e  expected  from  the occu r­
rence  o f  avo ided  crossings in  the  A B  curves in  F ig . 2 .
T he parity  sp littings o f th e  levels w ith  J  =  ^ and 2 
are p resen ted  for |f ì | = 2 in T able II I . T he energy  d ifference 
betw een  functions w ith  e  and  f  p a rity  is caused  b y  a 
coupling  betw een  the basis com ponen ts in E q. (13) w ith  
A , ma , f ì  and - A , - ma , - f ì .  T he  shift term s - ( y - D ^ J DF) 
+ j+DFB J+DF)) /  (2  v a b R 2) in the  C orio lis operator in  the H am il­
ton ian  (1) are responsib le  for coupling  f ì  = 2  and  f ì = - 2 -  
T hese term s do no t coup le  ±  A and ±  wA com ponen ts, b u t it 
should  b e  no ted  tha t (as exp la ined  above) com ponents w ith  
opposite  signs o f  A  and  wA are p resen t a lready  in the f ì  
>  0 p art o f  th e  e igensta te  as w ell as in  the f ì <  0 part. T h ere­
fore, the sh ift term s tha t coup le  f ì  = ±  j  also couple  
|A , ma , fì> w ith  | - A , —wA , - f ì> .  G iven  the form  o f  the shift 
operators, the parity  splittings should  b e  p ropo rtional to
1 3J  + 2 . T he  splittings for J  = 2  are indeed  larger by  a factor of 
2 than  the splittings for J  = 2 . T he  parity  sp littings o f  the 
levels w ith  |f ì |  =  |  are v ery  sm all on the order o f  10-4 cm -1 
or less and  are no t show n.
T he parity  splittings from  the 4D  m odel ag ree  very  w ell 
w ith  the 3D  calcu la tions for the  low est states w hen R  is fixed 
at 6 .4a 0. T he d iscrepancy  for the h igher energy  states can  be  
exp la ined  by  the avo ided  crossings betw een  the A B  bender 
curves, w hich  lead  to sta te  sw apping . A lso  the com parison  of 
stre tch  and bend  excita tion  frequencies from  th e  (3 + 1  )D  
m odel w ith  the resu lts  o f  the 4 D  calcu la tions ind icates that 
the form er prov ides a very  usefu l approx im ation  to the 
bound  levels o f  the O H -H C l com plex.
In order to  unders tand  b e tte r the ro le  o f  the off-d iagonal 
d iabatic  po ten tia l V-11 and th e  w ay  in  w hich  the sp in-orb it 
coupling  o f  O H  is quenched  w e perfo rm ed  calcu lations in 
w hich  the sp in -o rb it coup ling  constan t A 0 is set to  zero  in-
FIG. 7. Comparison of the 3D energy levels of parity e at R =6.4a0 with and 
without spin-orbit coupling; dashed lines correspond to J = |fì| = 2, closed 
lines to J= | f ì | and dotted lines to J = |fì| = | .
s tead  o f  its norm al va lue  A 0= -1 3 9 .2 1  cm -1 . W hen A 0 is set 
to zero w e also set the A -type  doub ling  param eters P  and q  
o f O H  to zero , so tha t the e lec tron  spin is com plete ly  deco u ­
p led  from  all o ther variab les. T hese m odel calcu lations w ere 
carried  ou t for J  = 2 , J  = 2 , and  J  = 2  in the 3D  m odel w ith  R  
fixed  at 6 .4 a0. In free O H  the g round  (|w A| = 2) and excited  
(|&>A| = 1 ) sp in -o rb it states w ou ld  b e  degenera te  if  sp in-orb it2
coup ling  w ere  sw itched  off. T he  effec t o f  the sp in -o rb it co u ­
p ling  term  in free O H  is to  low er th e  |wA| = 2 state by 
69.61 cm -1 and to ra ise  the  |wA| = 2 sta te  b y  th e  sam e 
am ount. T he effect o f  th e  A 0 value  on the low er levels o f 
O H -H C l is show n in Fig. 7 ; the characteristics o f  the co rre ­
sponding  states are g iven  in T able IV .
To unders tand  the observed  level pattern  it is u sefu l to 
d iscuss first the resu lts for A 0= 0  in  w h ich  the spin is co m ­
p le te ly  decoup led  from  all o ther variab les. T he level sp lit­
tings are then  caused  b y  the an iso trop ic  po ten tia l and, in 
particu lar, b y  the o ff-d iagonal coupling  po ten tia l V-1 1 . T he 
g round  sta te  has a p lanar geom etry , on average, w ith  a rovi- 
b ron ic  w ave  function  o f A" sym m etry  tha t is an tisym m etric  
under reflection  in  the p lane  o f  the equ ilib rium  structure. A s 
d iscussed  above it is loca lized  around  the m in im um  o f  the 
low est ad iaba tic  po ten tia l V1. T he co rrespond ing  ad iabatic 
e lec tron ic  state o f  A " sym m etry  is an an tisym m etric  linear 
com bination  o f  th e  d iabatic  states w ith  A = + 1 and - 1 .  T he 
co rrespond ing  sym m etric  sta te  o f  A '  sym m etry  is associated  
w ith  the second  ad iaba tic  po ten tia l V2. S ince the m in im um  of 
the  la tter po ten tia l is h igher than  the m in im um  in V 1 by  
266 cm -1 it is expected  that this state is h igher than  the 
g round  sta te  by  about th is am ount. T he large sp litting  b e ­
tw een  these  tw o e lec tron ic  states is caused  by  th e  d iabatic  
coup ling  po ten tia l V-1 1 . S ince this sp litting  is so large, the 
low er rov ib ron ic  states o f  O H -H C l can  b e  considered  in  first
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TABLE IV. Energies of states with parity e in cm 1 shown in Fig. 7 and electronic quantum numbers from 3D calculations at R = 6.4^0 with and without 
spin-orbit coupling included.
A0=-139.21 cm 1 A o II O
J E wA (M > A E rnA (W > A
1
2 -773.12 -0.49 1.15
|f ì |=2
-0.20 -762.20 -0.19 1.00 -  0.00
3
2 -772.59 -  0.50 1.15 -0.20 -761.70 -0.19 1.00 -  0.005
2 -771.82 -  0.50 1.15 -0.20 -760.94 -0.19 1.00 -  0.001
2 -747.13 0.37 1.12 0.08 -741.42 0.05 0.96 -0.143
2 -746.79 0.37 1.12 0.08 -740.92 -  0.04 0.98 -0.145
2 -746.20 0.37 1.12 0.09 -740.17 -  0.07 0.99 -0.14
3
2 -758.21 -0.63 1.20
|f ì |=2 
-0.33 -741.42 -  0.23 1.02 -0.14
5
2 -757.59 -0.63 1.20 -0.33 -740.92 -  0.20 1.02 -0.143
2 -680.29 0.30 1.14 0.04 -673.60 -  0.00 0.95 -0.165
2 -679.65 0.30 1.14 0.04 -672.85 -  0.06 0.97 -0.16
5
2 -689.68 -  0.56 1.18
|f ì |=2 
-0.31 -673.60 -  0.27 1.03 -0.16
approxim ation  as i f  the com plex  has only  a sing le  e lec tron ic  
(adiabatic) state. It has a b en t geom etry  w ith  O H  m aking  an 
angle  ^OH o f  about 110° w ith  th e  in term o lecu lar axis and 
H C l nearly  aligned  w ith  th is axis. S uch a geom etry  co rre ­
sponds to a near-sym m etric  ro to r and th e  ro ta tional states can 
be  labeled  w ith  the quan tum  num ber K, the p ro jec tion  o f  the 
to tal angu lar m om en tum  J  (w ithout spin) on the d im er z-axis. 
T he g round  state has K  = 0 , then  there  are  tw o states w ith 
K = ±  1 tha t are on ly  sligh tly  sp lit by  a sm all asym m etry  
doubling , nex t tw o nearly  degenera te  states w ith  K = ±  2, etc. 
T he K = ±  1 states h av e  an energy  A  w ith  respec t to  the 
g round  K  = 0  state, the K  =  ±  2 states h av e  an energy  4A, 
w here  A  is the ro ta tional constan t o f  the p ro la te  near- 
sym m etric  ro to r associa ted  w ith  ro ta tion  around  the long 
axis. I f  one looks at the levels ca lcu la ted  for A 0 = 0 in F ig . 7 
one finds tha t such an energy  pattern  is indeed  observed  w ith  
a va lue  o f  A  o f  about 21 cm -1 . T his va lue  is c lose  to the 
value  ca lcu la ted  for O H -H C l in  its equ ilib rium  geom etry. 
Spin has no t been  considered  so far, bu t since for A 0= p  = q  
= 0 th e  spin is com plete ly  free, one can sim ply  inc lude  the 
spin w ithou t affecting  th e  energ ies. S ince S  = 2  the values ±  2 
o f the spin p ro jec tion  on the d im er axis m ust be  added  to the 
values o f  K  to obtain  th e  values o f f ì  as defined  in  our 
ca lcu lations. F or K  = 0  one obtains f ì  = ±  2, for K  =  ±  1 one
1 3  2 3
gets f ì  = ±  2  and  f ì  = ±  2 , for K  =  ±  2 one gets f ì  = ±  2 and 
f ì  = ±  2, etc. T his sp litting  pattern  and the  co rresponding  
quan tum  num bers are in  p erfec t ag reem en t w ith  the energy  
levels show n at the rig h t hand  side o f  F ig . 7 and tabu la ted  for 
A 0 = 0 in  T able IV .
L e t us now  sw itch  on sp in -o rb it coup ling  w ith  A 0 
= -1 3 9 .2 1  cm -1, as in the fu ll 4D  calcu lations. T he sp in ­
orb it coup ling  opera to r m ixes the g round  e lec tron ic  state, 
w hich  is an an tisym m etric  com bination  o f th e  O H  substates 
w ith  A  = +1 and - 1  w ith  the exc ited  state  tha t corresponds to 
the sym m etric  com bination  and, thereby, unquenches th e  an ­
gular m om en tum  A. S ince these  elec tron ic  states are  sp lit by
nearly  300 cm -1 th rough  the effec t o f  y -11 this m ix ing  w ill 
only  occur to a lim ited  extent. T he fact tha t indeed  the orbital 
angu lar m om en tum  A stays nearly  quenched  can be  seen 
from  the values o f  A  in  T able IV . It can  also be  concluded  
from  the ra ther sm all sp litting  o f  the levels w ith  K  =  ±  1 and 
K  =  ±  2 tha t w ere  degenera te  w hen  A 0= 0  and from  the sm all 
energy  low ering  (about 11 cm -1) o f  th e  levels obtained  
w hen A 0 is set to  -1 3 9 .2 1  cm -1 . T he  nearly  degenerate  
(spin-free) level w ith  K = ±  1 splits in to  a level w ith  f ì  
= ±  2 at 15 cm -1 above the g round  level and  a level w ith  
f ì  = ±  2 at 26 cm -1 . T he level w ith  K  = ±  2 sp lits in to  a level 
w ith  f ì  = ±  2 at 83 cm -1 above the g round  level and a level 
w ith  f ì  = ±  2 at 93 cm -1 . A ll levels show n o rig inate  from  the 
low er sp in -free  sta te  (o f A" sym m etry) and are low ered  in 
energy  w ith  respec t to the ir sp in-free coun terparts. T his is 
because  the sp in -free  states o f  A ' and A" sym m etries are 
sym m etric  and an tisym m etric  com binations o f  the states w ith  
A = +1 and - 1 ,  and the orb ita l angu lar m om en tum  operator 
L z has only  an off-d iagonal m atrix  e lem en t be tw een  the sp in ­
free states. A ll the low er levels con tain  som ew hat m ore  o f 
the  O H  sp in -o rb it g round  sta te  w ith  |wA| = 2 than  o f  the ex ­
cited  sp in -o rb it sta te  w ith  |wA| = 2, hence , all th e  values of 
(|w A|> in T able IV  are larger than  1. L evels tha t h ave  p re ­
dom inan tly  |&>A| = 2 character w ill b e  found  in  th e  reg ion  of 
the  exc ited  elec tron ic  sta te  w ith  an energy  o f about 
300 cm -1, b u t it m igh t b e  d ifficu lt to iden tify  such  levels 
because  there  are several bend  and  stre tch  excited  states o f 
the  com plex  in the sam e energy  reg ion  tha t w ill all be  m ixed. 
In sum m ary, w e m ay  conc lude  from  this d iscussion  that the 
energy  level pattern  for the low er states o f  the  O H -H C l co m ­
p lex  can b e  com plete ly  understood . It is in first in stance  
dom inated  b y  the large o ff-d iagonal coup ling  po ten tia l V-1 ,1 
tha t quenches th e  orbital angular m om en tum  A o f the 
O H (2n )  sta te  and gives rise  to a large splitting  o f  the e lec ­
tron ic  states. S p in -o rb it coupling  partly  unquenches th e  elec-
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FIG. 8. The AB potentials at long distance range.
tron ic  orb ita l angu lar m om en tum  and g ives fu rther (sm aller) 
sp littings and an overall energy  low ering  o f  the low er levels.
To p rov ide  fu rther he lp  w ith  the in terp re ta tion  o f the 
states, the A B  poten tia ls  w ere  ca lcu la ted  in the 3D  m odel for 
values o f  R  up  to 15a 0. A t this d istance, the in term olecu lar 
forces are very  w eak  and dom inated  by  the d ipo le-d ipo le  
in terac tion  p ropo rtional to R -3 . T he O H  and H C l constituen ts
start to behave  as i f  they  are free m olecu les and the AB 
energy  curves can b e  labeled  w ith  th e  quan tum  num bers o f 
free O H  and  H C l, see F ig . 8 . T he index  r  g iven  in T able V 
labels th e  curves p lo tted  in F ig . 8 in increasing  energy  order, 
w h ile  th e  index  r e refers to  the energy  order o f  the 3D  bound  
levels at the equ ilib rium  d is tance  R e= 6 .4 a 0, see F ig . 2 . This 
va lue  o f  R e corresponds to the m in im um  in the low est AB 
curves.
A s one can see in F ig . 8 the A B  energy  levels appear in 
groups. T he curves w ith in  each  group  converge  to specific 
ro ta tional levels o f H C l and O H . It is seen  in the figure that 
the  energy  d ifferences betw een  the j HCl= 0  and  j HCl= 1 curves 
and betw een  the j HCl= 1 and j HCl= 2  groups start approach ing  
the  asym pto tic  values 2B 0 = 2 0 .8 8  cm -1 and 4 B 0
H C l H C l
= 41 .76  cm -1, respectively . F o r all curves show n the O H  
fragm en t is in its g round  sp in -o rb it sta te  2n 3/2 w ith  J o h ^ -  
H igher O H  levels are  no t show n in this figure because  the 
energy  d ifference  betw een  the g round  (j oh = 2) and the lo w ­
est exc ited  (J oh = 2) O H  ro ta tional level is 84 cm -1 and the 
exc ited  sp in -o rb it sta te  is separa ted  in  energy  from  the 
g round  2n 3/2 sta te  b y  126 cm -1 . A s the num ber o f  crossings 
b etw een  j HCl= 0  and j HCl= 1  cu rves is lim ited , it is still p o s­
sib le  to  label the curves at R e= 6 .4 a 0 w ith  the quan tum  n u m ­
b er iHCl.
In T able V  each  o f  the asym pto tic  states is no t only 
labeled  w ith  the ro ta tional q u an tum  num bers o f the O H  ra d i­
cal (A) and the H C l m o lecu le  (B) bu t also w ith  the quan tum  
num ber l tha t characterizes the end-over-end  ro ta tion  o f  the 
com plex  in the SF  fram e. This q uan tum  num ber corresponds 
to th e  angu lar m om en tum  opera to r Í(SF)= J (SF) - j B  and its
TABLE V. Long range state ordering and quantum numbers from 3D calculations and correlation with the 3D 
levels calculated at Re=6.4a0.
JOH JHCl Jab
J=
l
1
"2
fì
J
l
3 
" 2
fì rir re J fì
3
2 0
3
2 1,2 ± 1— 2 0,1,2,3 ± 1 ± 3± 2> ± 2 1 3
3
2
3
2
2 6 32
3
2
3 1 12
1
2
4 2 32
1
2
5 5 12
1
2
6 4 32
1
2
3
2 1
1
2 0,1 ± 1± 2 1, 2 ± 1± 2 7 22
1
2
1
23
2 1,2 ± 1± 2 0,1,2,3 ± 1 ± 3± 2> ± 2 8 26
3
2
3
25
2 2,3 ± 1± 2 1,23,4 ± 1 ± 3± 2> ± 2 9 9
3
2
1
2
10 10 12
1
2
11 7 32
3
2
12 8 12
1
2
13 11 32
1
2
14 20 32
1
2
15 13 12
1
2
16 14 32
1
2
17 25 32
1
2
18 30 12
1
2
19 18 32
3
2
20 15 12
1
2
21 16 32
1
2
22 12 32
3
2
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possib le  values are de term ined  b y  th e  triangu lar cond ition  
| J - j AB| <  l <  J + j AB. In the d is tance  ran g e  d isp layed  in F ig . 8 
the end-over-end  angu lar m om en tum  l is no t ye t a good  
quan tum  num ber, b u t T able V  exp la ins in  de tail h ow  the AB 
levels co rre la te  w ith  th e  asym pto tic  states in the long  range.
U nfortunately , no spectroscop ic  data  for O H -H C l have 
been  ob tained  yet tha t cou ld  b e  u sed  to check  the accuracy  of 
our bound  state results . S uch  data  h ave  been  m easured  for 
O H - N 2, O H -C O , and O H -ace ty len e ,19- 21 b u t th e  b ind ing  in 
these  com plexes is considerab ly  w eaker than  in O H -H C l and 
their equ ilib rium  geom etries co rrespond  to  a hydrogen  
bonded  structu re  w ith  O H  as th e  donor, w hereas the  bound  
states tha t w e found  and analyzed  for O H -H C l are hydrogen  
bonded  w ith  H C l as the  dono r and O H  as the acceptor. A n ­
o ther d ifference  w ith  O H -H C l is tha t th e  equ ilib rium  g eo m ­
etries o f O H - N 2 and  O H -C O  are linear and, therefore, that 
the orbital angu lar m om en tum  A o f O H  is no t quenched  at 
all. T he  low est bend  fundam ental frequencies found  for 
O H - N 2 and  O H -C O  are 35.9 and 54.1 cm -1, respectively , 
w h ile  w e ob ta ined  160 cm -1 for O H -H C l. T his is in ag ree­
m en t w ith  th e  b ind ing  and the an iso tropy  o f the po ten tia l in 
O H - N 2 and O H -C O  being  considerab ly  w eaker than in 
O H -H C l. T he theoretical m odel that w as developed  in Refs. 
19 and  20 is to  som e ex ten t sim ilar to  the m ethods u sed  in 
the p resen t paper, bu t it involves only  the angu lar (m onom er 
bend) coord inates and the wA =  ±  2 sp in -o rb it g round  state  o f 
O H . T he  d ipo le -quad rupo le  m odel u sed  for the O H - N 2 p o ­
ten tia l does no t con tain  the o ff-d iagonal— or d ifference, see 
E q. (8)— po ten tia l V 1,-1 th a t has such  im portan t effects in 
O H -H C l. F o r O H -C O  a quadrupo le -quad rupo le  in teraction  
term  w as added, w h ich  g ives a d ifference  po ten tia l, b u t the 
effect o f  th is d ifference  po ten tia l seem s to b e  m uch  sm aller 
than w e found  for O H -H C l. T he O H -acety lene  com plex  is
T -shaped and the O H  orbital m om en tum  is partly  quenched,
21as in  O H -H C l. T he theore tica l m odel u sed  to analyze  the 
spectra  o f  this com p lex  assum es a rig id  T -shaped (hence, 
p lanar) struc tu re  w ith  O H  fixed along the tw ofo ld  sym m etry  
axis, very  d ifferen t from  the m odels b y  w hich  w e treated  
O H -H C l.
W e m ay also com pare  our resu lts for the O H -H C l co m ­
p lex  to  th e  theore tica l resu lts o f  Yu and N ym an 15 already  
m en tioned  in  Sec. I o f  this paper. T hey  em ployed , how ever, 
qu ite  d ifferen t theo re tica l m ethods than  w e d id  and their 
calcu lations are based  on a sing le  PES only. T hey  u sed  
second-order M 0 lle r-P le sse t pertu rbation  theory  w ith  the 
6 -3 1 1 G (2 d , d ,p )  basis set, w h ich  is ra ther sm all for th is sy s­
tem . U n lik e  the w ork  described  here , Yu and N ym an  d id  no t 
apply  the basis set superposition  erro r co rrec tion  in their 
e lec tron ic  struc tu re  ca lcu lations b u t in stead  u sed  a scaling  
m ethod . T hey  ob tained  a b ind ing  energy  D e = 1 9 1 0  cm -1, 
w hereas w e find D e = 1 1 2 3  cm -1 . T hey  also estim ated  the 
d issociation  energy  D 0 from  the equation  D 0= D e -  E0 i 
+ 5n = 1 4 7 3  cm -1, w here  5 n is the zero  p o in t v ibra-
fra g m e n ts
tional energy  com puted  in  the harm on ic  approxim ation . T he 
value  o f  Yu and N ym an  for the zero  p o in t v ib ra tional energy  
is 437  cm -1; from  our value  o f  D 0 = 685 cm -1 w e ob tained  
438  cm -1 . T he value  o f  Yu and N y m an 15 takes in to  account 
the zero p o in t energy  o f  all norm al m odes, how ever, w hile  
our va lue  only  inc ludes th e  in term o lecu lar m odes. M oreover,
our va lue  includes sp in -o rb it coupling  effects, the va lue  of 
Yu and N ym an  does not. T hey  also ca lcu la ted  the 
in term o lecu lar (harm onic) stre tch  fundam ental frequency  vs 
= 135 cm -1, w h ile  accord ing  to our fu lly  anharm onic  resu lts 
v s = 9 3 .6  cm -1 .
V. SUMMARY AND CONCLUSIONS
B ound  states o f  the open-shell O H -H C l com plex  w ere 
com puted  in  four d im ensions w ith  rig id  m onom ers. T he in ­
term olecu lar in terac tion  in  the com plex  is described  by  a 2 
X 2 m atrix  o f d iabatic  po ten tia ls  taken  from  R ef. 18. B ound
1 3state  calcu lations w ere  carried  ou t for J  = 2 and J  =  2 in a full 
4 D  approach  and w ith  the use  o f  a (3 + 1)D  m odel that adia- 
b a tica lly  separates the e lec tron ic  and angu lar m otions from  
the  rad ia l m otion . S p in -o rb it coup ling  w as included . T he 
bound  states ca lcu la ted  in the 4D  m odel w ere  analyzed  by  
com puting  various approx im ate  q uan tum  num bers, as w ell as 
geom etric  density  d is tribu tions o f  a num ber o f  low  lying 
states, and w ith  som e help  from  the (3 + 1)D  m odel.
T he g round  sta te  o f  the com plex  w ith  J  = |f ì |  = 2 turned 
ou t to h av e  a p lanar geom etry  and a d issocia tion  energy  o f 
D 0 = 685 cm -1 ob tained  from  the 4D  m odel. This m ay  be 
com pared  to  the b ind ing  energy  D e = 1 1 2 3  cm -1 co rrespond ­
ing  to  the m in im um  in th e  low est ad iabatic  po ten tia l. T he 
ro ta tional constan ts from  the 4D  calcu lations and the  parity  
sp littings w ere  ca lcu la ted  from  the usual spectroscop ic  fits o f 
the  levels for the d ifferen t J  values; in the (3 + 1)D  m odel the 
ro ta tional constan ts w ere  ob tained  from  expecta tion  values. 
F u lly  anharm onic  values for the fundam enta l frequencies 
w ere  com pu ted  to b e  94 cm -1 for the H O -H C l h y d ro g en ­
bo n d  stre tch  and about 160 cm -1 for the bend . T he latter 
invo lves a coup led  bend  m otion  o f  b o th  fragm ents.
A lthough  w e h ave  no t perfo rm ed  ca lcu la tions on the tw o 
ad iaba tic  po ten tia ls  separa te ly  it is c lear from  th e  resu lts that 
nonad iaba tic  coup ling  effects are im portan t, especia lly  for 
the  exc ited  states. In  the 2 X 2 d iabatic  m odel used , th e  o ff­
d iagonal d iabatic  coup ling  po ten tia l is responsib le  for 
quench ing  m ost o f  the orb ita l angu lar m om en tum  o f O H  and, 
hence , for a strong  reduc tion  in the sp in -o rb it coup ling  that 
causes the splitting  betw een  the 2n 3/2 and states in free 
O H . L ow  ly ing  rov ib ron ic  states co rre la ting  w ith  the 
O H (2n 3/2) g round  state w ere  found  at 14 cm -1 above the 
g round  state  for |f ì |  =  2 and at 26 cm -1 for |f ì |  = 2.
W e cou ld  assign m onom er ro ta tional quan tum  num bers 
to the  bound  states o f the com plex  ca lcu la ted  at large values 
o f  R  w ith  the help  o f  our 3D  m odel. F o r th e  low er states 
there  are only  a few  crossings betw een  the  energy  level 
cu rves p lo tted  as functions o f  R , so w e cou ld  even  correlate 
the  O H -H C l states com puted  at th e  equ ilib rium  d istance  R e 
to the separa te  fragm en t states. F o r h igher energ ies the  in d i­
v idual m onom er states are  fu lly  m ixed.
L este r and co -w o rk ers19- 21 (U niversity  o f  P ennsy lvania) 
a lready  m easu red  ro ta tiona lly  reso lved  in frared  spectra  o f 
several O H -linear m o lecu le  com plexes in  a m olecu lar beam  
setup and are try ing to  obtain  the spectra  for the O H -H C l 
com plex .36 T he  com parison  o f  our resu lts w ith  these  data  
w ill b e  a very  good  check  o f  th e  re liab ility  o f  th e  m odels 
em ployed  and the quality  o f  the po ten tia ls  ca lcu la ted  by
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Wormer et al. Inelastic OH-HCl scattering cross sections 
were measured by Cireasa et al.,11,12 so it will also be useful 
to perform scattering calculations. The approach used for the 
bound state calculations presented here is similar to a 
coupled-channel scattering calculation, so it will be possible 
to use a large part of the formalism and of the code devel­
oped.
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